In this paper, a new rotor-ball bearings-support
Introduction
Usually, the rotor of an aeroengine is supported on the stator by way of bearings, and the stator is supported on the foundation. In order to reduce the rotor vibration and adjust the rotor's critical rotating speed, a flexible support and a squeeze film damper ͑SFD͒ are often used between the bearing and the bearing housing. Therefore their motions are affected by each other, and the rotor-ball bearings-support-stator coupling system is formed. With aeroengine performance improving continuously, in order to improve the thrust/weight ratio and increase the structural efficiency, researchers are trying to improve the geometric configuration of the structure to make full use of the material's characteristics. One of the most important methods is to reduce the clearance between the rotor and the stator, and seal structures ͑such as zirconia, honeycomb structure, etc.͒ are adopted on the rotor and the stator to obtain the least clearance between them, so that the possibility of rotor-to-stator rubbing is greatly increased. Rotor-stator rubbing will widen the rotor-stator clearance, aggravate the wear of the bearings, break the blades off, and break the engine down. Usually, the rubbing is a twinborn fault, which is caused by imbalance, misalignment, pedestal looseness, oil-film whirling and so on; therefore it possesses the typical characteristics of a coupling fault. Presently, increasing researchers started gradually to study the rubbing coupling faults ͓1-5͔. In Refs. ͓2-4͔, the characteristics of rubbing-pedestal looseness coupling faults were studied, and in Ref. ͓5͔ , the response characteristics of a rotor system with rubbing and crack were analyzed. At present, the studies of multifault coupling dynamic model with rubbing fault mainly aim at sliding bearings; however, ball bearings are widely used in aeroengine, and therefore, it is of great significance to establish a detailed model of ball bearings in an aeroengine rotor system. In recent years, the multifault coupling rubbing fault dynamic models supported on ball bearings have also rapidly developed, and many valuable results have been obtained. Reference ͓6͔, aimed at an aeroengine rotor experimental rig, established a rotor-ball bearings-stator model: but in this model, the modeling of ball bearings was too simple and some nonlinear factors were not thought into, such as the stiffness variety and the clearance of ball bearings; in addition, flexible support and a SFD between bearings and bearing housings were not considered in detail in Ref. ͓6͔. Therefore, aiming at the rotor-bearing system of practical aeroengine, this paper will establish a new rotor-ball bearingssupport-stator coupling system dynamic model. In the model, the nonlinear contact force, the periodic variety of total stiffness, and the clearance of ball bearing are fully considered. In the coupling model, a dynamic model with imbalance and rubbing coupling fault is established, and the nonlinear characteristics of this system are studied in detail. Finally, an aeroengine rotor tester with a stator is designed to carry out the rubbing fault experiments, and the simulation results from rotor-ball bearings-support-stator coupling model are compared with the experimental results in order to verify the effectiveness of the new rotor-ball bearings-supportstator coupling model with rubbing coupling fault.
2 Rotor-Ball Bearings-Support-Stator Coupling System With Imbalance-Rubbing Coupling Fault Figure 1 is the sketch map of the rotor-ball bearings-supportstator coupling system dynamic model with imbalance and rubbing coupling faults. The two ends of this rotor are supported on the same ball bearings. The rubbing fault between the rotor and the stator is considered. When the rotor rotates, its lateral bending vibration is excited due to its mass imbalance, and once the vibration displacement exceeds the clearance between the rotor and the stator, the rotor-to-stator rubbing fault appears.
The explanations of symbols in Fig. 1 are shown in the Nomenclature. According to Newton's second law, the system differential equations are obtained as follows: 
The model of rubbing force. Supposing that r is the radial relative displacement between the rotor disk and the stator, and r
When r Ͻ ␦, rubbing does not appear, namely, P x = P y = 0. When r ജ ␦, rubbing takes place. Supposing that the friction force obeys the Coulomb friction law, and there is always a relative motion between the rotor and the stator, then
where k r is the rubbing contact stiffness and f is the dynamic friction coefficient. The rubbing force components in the X and Y directions are, respectively,
Ball bearing model. The ball bearing consists of an inner race, an outer race, rolling balls, and cages; the outer race acts on the inner race by rolling balls, and their interaction force is a restoring force, which is generated by the contact deformation between balls and races. In the rotor-ball bearing system, usually, the outer race of the ball bearing is fixed to the bearing housing and the inner race is rigidly fixed to the rotating shaft. When the ball bearing works, with the contact position between balls and races periodically varying, the total stiffness and compliance of the bearing will periodically vary, and the varying compliance ͑VC͒ of the bearing is a parametric excitation of a rotor-balling bearing coupling system, finally, a so-called VC vibration is generated. VC vibration is an inherent vibration; it always exists even if the bearing is new and does not have any fault. Figure 2 is a sketch map of a ball bearing model, which makes reference to Refs. ͓7͔ and ͓9͔. The excitations of the ball bearing come from two aspects: one is the rotor imbalance, and the other is the continuous periodic change of the total stiffness of the bearing, which is a parametric excitation.
In the ball bearing model, it is supposed that the balls are equispaced between the inner race and the outer race, and the contact angle of bearing is considered as zero. v outer is the tangent velocity of the contact point between the ball and the outer race, v inner is the tangent velocity of the contact point between the ball and the inner race, outer is the rotating angular velocity of bear- ing's outer race, inner is the rotating angular velocity of bearing's inner race, R o is the radius of the outer race, and r i is the radius of the inner race. Therefore
The tangent velocity of the cage ͑the center of the ball͒ is given by
Because the outer race of the ball bearing is fixed to a rigid support, v outer = 0. Therefore,
Therefore, the angular velocity of the cage is given by
Because the inner race is fixed to the shaft, inner = rotor . If N b is the number of balls, then VC frequency can be given by
Obviously, the number BN depends on the bearing size. Supposing the angle location of the jth ball is j , which is given by j = cage t + ͑2 / N b ͒͑j −1͒, j =1,2, . . .N b , x and y are, respectively, vibration displacements of the center of the inner race in the X and Y directions, and r 0 is the bearing clearance, the normal contact deformation between the jth ball and races is given by
According to the nonlinear Hertzian contact theory, the contact force f j between the ball and the race due to the rolling contact can be gotten. At the same time, because the ball at an angular location j can only give rise to a normal positive restoring force f j , f j must be greater than zero. Therefore, only when ⌬r j Ͼ 0 can the contact force appear. By introducing the Heaviside function H͑x͒, whose definition is
ͮ f j can be obtained as follows:
where C b is the Hertzian contact stiffness and it has relation with the contact material and shape. The components of f j in the X and Y directions are
Therefore, the bearing forces generated by the ball bearing are given by
ϫH͑x cos j + y sin j − r 0 ͒sin j Therefore, the bearing forces in Fig. 1 can be given by as follows: The JIS6306 ball bearing of Ref. ͓7͔ is chosen as the ball bearing in this paper, and its parameters are listed in Table 1 .
In order to study fully the dynamic behavior of the rotor-ball bearings-support-stator coupling system with imbalance and rubbing coupling faults, the system dynamic responses need to be obtained. There are many methods to obtain the periodic solution of the nonlinear system, but the numerical methods are the most efficient approaches to study the quasiperiodic and chaos phenomena. Because of the very strong nonlinearity of the rotor-ball bearings-support-stator coupling system with rubbing coupling faults, the Runge-Kutta-Fehlberg method ͓8͔ is used to solve differential equations and obtain the responses of the rotor-ball bearings-support-stator coupling system. ͓9͔, a dynamic model of an unbalanced rotor supported on ball bearings, which are subject to a constant vertical radial load, was established by Mevel, and the sixth order Runge-Kutta-Fehlberg method was used to obtain the responses of the rotor. In this paper, the same ball bearing as in Ref. ͓9͔ is used, the effect of the rotor imbalance and the vertical radial load on the bearing is considered, and the rotor responses of the rotor-ball bearings-support-stator coupling system are obtained by Runge-Kutta-Fehlberg method. Figures 3͑a͒ and 4͑a͒ are, respectively, the vibration displacements in the X and Y directions at disk at the rotating speed of 300 rpm; Figs. 3͑b͒ and 4͑b͒ are, respectively, the vibration displacements in the X and Y directions at rotor disk at the rotating speed of 300 rpm in Ref. ͓9͔ by Mevel. Obviously, their time wave forms and periods are very similar, and the difference of the vibration amplitude is due to the different rotor parameters.
The excitations of the unbalanced rotor supported on the ball bearing come from two aspects: one is the rotating frequency excitation from imbalance, and the other is the VC frequency excitation from the periodic variety of bearing stiffness. When the rotating speed is very low, unbalanced force is very weak, and the VC vibration, because of the periodic variety of the bearing stiffness, can be observed clearly; hereinto, the frequency of VC vibration is BN times of rotating frequency, and in this paper, the value of BN is 3.08 ͑according to Table 1͒ . From Figs. 3͑a͒, 3͑b͒ , 4͑a͒, and 4͑b͒, it can be seen that the motions in the X and Y directions are periodic, and the ball passage frequency ͑VC frequency͒ is shown clearly. When a ball leaves the load zone, and the rotor falls and contacts the next ball, in this progress, the transient oscillations appear and disappear quickly. From the frequency spectra of signals, such as in Figs. 3͑c͒ and 4͑c͒ , it can be seen that the rotor vibration represents the VC frequency ͑the ball passage frequency͒ and its multiple harmonic components. The study of Fukata et al. ͓7͔ shows that when the rotating speed is far from the two critical rotating speeds in the X and Y directions, the motion is periodic and represents the ball passage frequency and its multiple harmonic components. Apparently, the result of this paper accords with the conclusion.
Effect of System Support on Dynamic Characteristics of Rotor.
The rotating speed of the modern aeroengine is commonly over 10,000 rpm, and some minitype aeroengine can reach 40,000-50,000 rpm. For such engines with a high rotating speed, it is very important to maintain the structure integrality and the reliability of engine; moreover, the vibration and stability of the rotor-supporting system are often the sticking point of faults. The design practice of engine indicates that the malfunctions of wholeengine vibration, which come from the rotor-supporting system, had already become a great key technology problem in the process of engine development; therefore, it is very important to accurately design and analyze the dynamic characteristics of the rotorsupport system and adopt proper measures of reducing vibration ͓10͔.
The rotor of the modern aeroengine of high rotating speed commonly adopts the design of a flexible shaft so that the rotating speed is over the critical rotating speed. For this rotor, adopting proper measures such as reducing the imbalance of rotor, falling critical rotating speed, and increasing damping can reduce rotor vibration. However, when the whole structure design of the aeroengine has been already determined, it is very difficult to adjust the critical rotating speed by way of changing the structure of the rotor system such as the diameter of the shaft and the distance between supports. The most efficient and feasible method is to adopt a flexible support. In fact, some types of modern aeroengine have already adopted the flexible support and SFD to reduce aeroengine vibration.
The purposes of adopting flexible support in the rotorsupporting system are mostly as follows: ͑1͒ to change the stiffness of flexible support, adjust, and control the critical rotating speed in order to meet the design requirements of system critical rotating speed; ͑2͒ to change the distribution of the rotor-support system's strain energy to meet the requirements of design rules; and ͑3͒ to use the distortion of flexible support and the inherent resistance of the material to absorb vibration energy and reduce Transactions of the ASME vibration. In this paper, the support's stiffness of system is supposed as k tLH = k tLV = k tRH = k tRV = k t . The rotor responses under various supports stiffnesses are obtained. Figures 5͑a͒-5͑d͒ are, respectively, the vibration amplitude-rotating speed plots of rotor responses under different support stiffnesses; hereinto, the vibration amplituderotating speed plot is obtained through calculating the vibration amplitude of the steady response for each rotating speed; in the plot, the X coordinates and the Y coordinates denote, respectively, the rotating speed and the corresponding vibration amplitude.
From Fig. 5 , it can be seen that ͑1͒ when the support stiffness is lower than the stiffness of the shaft, two resonance peaks appear in the rotor response. In other words, the rotor has two critical rotating speeds, the lower one corresponds to rigid body motion, and the higher one corresponds to the first order bending critical rotating speed of the rotor. In Figs. 5͑a͒ and 5͑b͒ , the support stiffness is, respectively, lower 50 and 10 times than the shaft stiffness. ͑2͒ When the support stiffness is higher than the stiffness of the shaft, such as in Figs. 5͑c͒ and 5͑d͒ , it means that the support of the rotor is rigid, only one resonance peak appears in rotor responses, and the rotor's critical rotating speed corresponds to the first order bending natural frequency. From Figs. 5͑a͒-5͑d͒ , it can be seen that adopting a flexible support can increase the bending critical rotating speed of a rotor at which the vibration of the rotor is very great, and disastrous accident can happen. The bending critical rotating speed of a rotor with flexible support corresponds to the second critical rotating speed, namely, cr2 = 2500 rad/ s, and it is about 1.5 times higher than the first bending critical rotating speed of the rotor with rigid support, namely, cr1 = 1000 rad/ s. At the same time, it can be seen that the resonance response of the rotor with flexible support is much lower than that with rigid support. This result shows that adopting a flexible support can not only make the rotor rotating speed avoid the rotor bending critical rotating speed efficiently but also reduce rotor vibration at the critical rotating speed. The numerical simulation calculation in this paper clearly shows these results.
Characteristics Analysis of Rubbing Fault.
With the development of aviation technique and continual improvement of the performance of aeroengine, researchers try to reduce the clearance between the rotor and the stator, but this method increases the probability of rotor-to-stator rubbing. The physical phenomena caused by rubbing, such as friction, impact, structure stiffness changing, and so on, can affect normal mechanical motion and change the balance force and the dynamic stiffness of the system, so that the engine efficiency falls down, prodigious normal force and tangent force appear in the rotor system, and enormous vibration and noise are caused. Finally, the aeroengine can be destroyed in few seconds, and a disastrous accident can occur. The aeroengine rotor-to-stator rubbing fault has a very complicated evolvement process, and presently, it has become a greatly difficult problem of engine design, and has produced serious effects on aeroengine performance and reliability. Therefore it is urgent to understand the generating process, to find out the characteristics of rotor-stator rubbing, and to analyze the mechanism of the rubbing malfunction for effectively avoiding rubbing and quickly diagnosing the reasons, positions, and characters of rubbing fault.
In this paper, a new rotor-ball bearings-support-stator coupling system dynamic model is established. By way of numerical simulation, the responses of imbalance and rubbing coupling faults are obtained. Table 2 lists the computational conditions.
Through analyzing the cascade plots of rotor responses above, the following results can be obtained.
͑1͒
When the rotating speed is lower than the critical rotating speed, rubbing excites more abundant multiple harmonic components ͑1X, 2X, and so on͒, but the fractional harmonic components are very difficult to be excited by rub- bing. In a high rotating speed range over the critical rotating speed, many fractional harmonic components start to appear when rubbing happens, but the multiple harmonic components ͑1X, 2X, and so on͒ are very few. The three dimensional cascade plots in Fig. 6͑b͒ validate the rotorstator rubbing fault characteristics in Ref. ͓11͔ qualitatively; namely, when the rotor rotating speed is lower than the critical rotating speed, the partial rubbing mainly excites the multiple harmonic components of 1X, 2X, and so on, and when the rotor rotating speed is close to n times of the critical rotating speed, the 1 / n fractional harmonic components can appear. ͑2͒ When the system adopts a flexible support, the multiple harmonic and fractional harmonic components caused by rubbing are much less. Apparently, as compared with rigid support, the chaos phenomena caused by rubbing fault also greatly decrease. Thus it can be seen that adopting flexible support can effectively increase the system stability. This is also the reason that few chaos phenomena can be observed in the operating process of a practical aeroengine. From Figs. 6͑b͒-6͑d͒, this conclusion can be found out. ͑3͒ Figure 6͑e͒ is the cascade plot of rotor responses; hereinto, the rubbing stiffness k r is 1.25ϫ 10 8 N / m. When the rotor rotating speed is 1500 rad/ s, the time wave form, the frequency spectra, and the Poincaré map of the rotor responses are shown in Fig. 7. From Fig. 7 , a continual frequency spectrum appears in the frequency spectrum, and messy points come forth in the Poincaré map. These phenomena indicate that the rotor motion runs into chaos. Therefore, a bigger rubbing stiffness can excite more multiple and fractional harmonic components, and finally result in more chaos; oppositely, a lower rubbing stiffness can give birth to much less multiple and fractional harmonic components, and the chance that the system appears chaotic will also be greatly reduced, as shown in Figs. 6͑c͒ and 6͑f͒. 4 Experiment Verification and Analysis 4.1 Aeroengine Rotor Tester. In order to simulate the rotor vibration of a real aeroengine, an aeroengine rotor tester is designed and manufactured. By comparison to the real aeroengine, the tester has these features as follows: ͑1͒ its size is one-third of real aeroengine and its shape is similar to the stator of engine; ͑2͒ its internal structure is simplified: the core machine is simplified as the 0-2-0 support structure, which is a rotor with two disks supported on two bearings, and the outsides of two bearings have no other disks, and the support stiffness is adjustable in order to adjust the dynamic characteristics of the system; the multistage compressor is simplified as a single-stage disk structure; the compressor blade is simplified as the inclined plane shape; ͑3͒ its shaft is solid and rigid and its maximal rotating speed is 7000 rpm; and Transactions of the ASME ͑4͒ the rotor is driven by a motor, and the flame flask is canceled. Therefore, the aeroengine rotor tester becomes a single-rotor system model, and its full-scale photo is shown in Fig. 8͑a͒ and its section drawing is shown in Fig. 8͑b͒ . The whole engine rotor tester is mainly composed of a demonstrative model, installation platform, electromotor, foundation platform, and lubricating system. The tester can display and simulate some typical faults, which usually appear in practical aeroengine: ͑1͒ rubbing between turbine blades and stator ͑includ-ing point rubbing, local rubbing, and slight or severe rubbing͒, ͑2͒ rubbing between the sealing labyrinth, ͑3͒ bearing damage, ͑4͒ misalignment between the former and the latter support, and ͑5͒ the effect of support stiffness on the vibration characteristics.
Vibration Testing System of the Aeroengine
Rotor-Tester. The rotor tester is driven by an electromotor. Considering that the electromotor shaft is difficult to keep in alignment with the shaft of rotor tester, a soft connection is adopted between the two shafts. The rotating speed can be obtained by way of detecting the pulse number of the eddy current transducer, which is installed at Testing Point 1, and the rotor fault signals in the X and Y directions, are picked up, respectively, by four eddy current transducers, which are installed at Testing Points 2 and 3. The fault analog signal is enlarged first by a preamplifier, and then is sampled and quantified into digital signals by the USB-14054 data acquisition instrument; finally, the digitals are sent into PC. The vibration testing system of the aeroengine rotor tester is shown in Fig. 9. 
Comparing Experimental Results With Simulation
Results. Figure 10͑a͒ is the cascade plot of a rotor imbalancerubbing coupling fault response, which is obtained by the rotorball bearings-support-stator coupling system dynamics model. Figure 10͑b͒ is the cascade plot of the rotor response, which is obtained by way of the rubbing test of the aeroengine rotor tester. From Fig. 10 , it can be seen that the simulation results and experimental results all show the phenomena of multiple harmonic frequency components 2X, 3X, and so on, when a rubbing fault occurs. In Ref. ͓12͔, the same experimentation phenomena are also obtained by making use of the aeroengine rotor tester, which is the same as the one used in this paper.
Because the rotating speed of this tester can only reach 7000 rpm, the rotating speed is lower than the first critical rotating speed; therefore fractional harmonic frequency components cannot be observed. The accordance of the experiment and simulation results validates to a certain extent the effectiveness of the new rotor-ball bearing-support-stator coupling system dynamics model with rubbing coupling fault established in this paper. 
Conclusions
In this paper, a new rotor-ball bearings-support-stator coupling system dynamics model with imbalance-rubbing coupling fault for practical aeroengine is established. In the new coupling model, the flexible support and the stator motion are considered; the nonlinear factors of ball bearings are considered such as the VC vibration because of the varying support stiffness of ball bearings, nonlinear Hertzian contact force, and ball bearing clearances the imbalance and rubbing faults of the rotor are fully considered in the rotor system. Finally, the Runge-Kutta-Felhberg method with varying steps is used to compute responses of the system.
The simulation results show that adopting a flexible support can not only make the rotating speed avoid the rotor bending critical rotating speed effectively but also reduce rotor vibration at the critical rotating speed in effect. These results accord with the vibration rules of real aeroengine.
The simulation results show that when the rotating speed is lower than the critical rotating speed, the rubbing fault can cause multiple harmonic frequency components; hereinto, the 2X frequency component is greater; when the rotating speed is higher than the critical rotating speed, the rubbing fault can excite fractional harmonic frequency components. These results have very important significance for identifying the rubbing fault effectively.
Increasing the support flexibility, the multiple and fractional harmonic frequency components are much less, and as compared with the rigid support, the chaos phenomena caused by the rubbing fault is also greatly reduced.
An aeroengine rotor tester and signal testing system are designed, the rubbing fault tests are carried out, and the rubbing response, which come from rotor tester and rotor-ball bearingssupport-stator coupling model, is compared with the experimental result. Finally, the accordance of the experiment and simulation result validates the correction of the new rotor-ball bearingsupport-stator coupling model with rubbing coupling fault.
␦ ϭ the clearance between the rotor disk and the stator e ϭ the eccentricity of mass F xbL , F ybL ϭ the supporting force components in X and Y directions at the left bearing F xbR , F ybR ϭ the supporting force components in X and Y directions of at the right bearing P T , P N ϭ the tangent and the normal rubbing forces f ϭ the dynamic friction coefficient v outer ϭ the tangent velocity of the contact point between the ball and the outer race v inner ϭ the tangent velocity of the contact point between the ball and the inner race outer ϭ the rotating angular velocity of bearing outer race inner ϭ the rotating angular velocity of bearing inner race v cage ϭ the tangent velocity of the cage ͑the center of the ball͒ cage ϭ the angular velocity of the cage ͑the center of the ball͒ VC ϭ the varying compliance frequency rotor ϭ the rotating speed of rotor R o ϭ the radius of outer bearing race R i ϭ the radius of inner bearing race N b ϭ the number of bearing balls BN ϭ the bearing number r 0 ϭ the bearing clearance j ϭ the angular position of the jth ball in the ball bearing ⌬r j ϭ the normal contact deformation between the jth ball and races C b ϭ the Hertzian contact stiffness constant
